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QUANTUM DOTS, METHODS OF MAKING
QUANTUM DOTS, AND METHODS OF USING
QUANTUM DOTS

CROSS REFERENCE TO RELATED
APPLICATION

This application claims priority to the PCT application
entitled “QUANTUM DOTS, METHODS OF MAKING
QUANTUM DOTS, AND METHODS OF USING QUAN-
TUM DOTS,” having serial number PCT/US2009/055,831,
filed on Sep. 3, 2009. This application also claims priority to
and benefit of U.S. Provisional Patent Application No.
61/093,801, filed on Sep. 3, 2008 which is incorporated by
reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
Grant No.: GM072069 awarded by the NIH. The government
has certain rights in the invention.

BACKGROUND

Semiconductor quantum dots (QDs) are nanometer-sized
particles with unique optical and electronic properties, and
are currently under intensive research for a broad range of
applications such as solar energy conversion and molecular
and cellular imaging. Significant advances have been made in
the chemical synthesis of highly crystalline and monodis-
persed QDs, especially with the use of organometallic and
chelated cadmium precursors, noncoordinating solvents, and
inorganic passivating shells. However, the resulting nanoc-
rystals are often hydrophobic and must be encapsulated and
solubilized post synthesis for many important applications.
Aqueous synthetic procedures have been used as alternative
approaches to prepare water soluble QDs, using small thiol-
containing molecules or polymers with carboxylic acid func-
tional groups as stabilizing agents. But these methods do not
yield QDs with the fluorescence brightness or size monodis-
persity that are often achieved with the high-temperature
organic procedures.

SUMMARY

Embodiments of the present disclosure provide: methods
of making a quantum dot, quantum dots, and the like.
Embodiments of the method of making a quantum dot, among
others, include: mixing an amphiphilic polymer dissolved in
anon-coordinating solvent with a first precursor to produce a
carboxylate precursor; mixing the carboxylate precursor with
a second precursor to form a quantum dot core; mixing the dot
core with a precursor selected from the group consisting of: a
third precursor, a fourth precursor, and a combination thereof,
to form a quantum dot cap on the quantum dot core to form a
quantum dot, where the quantum dot includes a layer of
amphiphilic polymer disposed on the surface of the quantum
dot. Embodiments of the present disclosure include quantum
dots made form this method.

Embodiments of the methods of making a quantum dot,
among others, include: mixing an amphiphilic polymer dis-
solved in PEG with a CdO to produce a carboxylate precur-
sor; mixing the carboxylate precursor with a tellurium pre-
cursor to form a CdTe core; mixing the CdTe quantum dot
core with a selenium precursor to form a CdSe cap on the
CdTe core to form a CdTe/CdSe quantum dot, where the
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2

CdTe/CdSe quantum dot includes a layer of amphiphilic
polymer disposed on the surface of the CdTe/CdSe quantum
dot. Embodiments of the present disclosure include quantum
dots made form this method.

Embodiments of a quantum dot, among others, include: a
CdSe cap on the CdTe core to form a CdTe/CdSe quantum
dot, wherein the CdTe/CdSe quantum dot includes a layer of
amphiphilic polymer disposed on the surface of the CdTe/
CdSe quantum dot.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the disclosure can be better understood
with reference to the following drawings. The components in
the drawings are not necessarily to scale, emphasis instead
being placed upon clearly illustrating the principles of the
present disclosure. Moreover, in the drawings, like reference
numerals designate corresponding parts throughout the sev-
eral views.

FIG. 1A is a schematic structure of the amphiphilic multi-
dentate ligand with multiple chelated cadmium ions. FIG. 1B
is a diagram showing multidentate ligand binding to the QD
surface. The resulting nanocrystals are spontaneously encap-
sulated and solubilized by a second layer of the same multi-
dentate polymer upon exposure to water.

FIGS. 2A to 2C are digital images of a fluorescence emis-
sion and electron-microscopy structural properties of CdTe
core QDs prepared by using multidentate polymer ligands in
a one-pot procedure. FIG. 2A is a gray scale photograph of a
series of monodispersed CdTe QDs, showing bright fluores-
cence from green to red (515 nm to 655 nm) upon illumina-
tion with a UV lamp. FIG. 2B is a normalized band-edge
fluorescence emission spectra of CdTe QDs with 35-50 nm
full width at half maximum (FWHM) (QY~30%). F1G. 2B is
a representative emission spectra for QDs of various sizes
(blue to maroon). As the particles grow, the emission is red-
shifted, resulting in a shift in the spectra. FIG. 2C is a trans-
mission electron micrograph of CdTe cores (emission=655
nm) showing uniform, nearly spherical particles (mean diam-
eter=4.2 nm, standard deviation~10%).

FIGS. 3A to 3B illustrate type-II core-shell CdTe/CdSe
QDs synthesized in one pot. FIG. 3A) is a digital image of
normalized fluorescence emission spectra showing the tran-
sition from CdTe cores to CdTe/CdSe core-shell QDs emit-
ting in the near-infrared. FIG. 3A corresponds to the emission
spectra of the particles as a passivating shell is grown. The red
curve is just the core (in this case, CdTe) with no shell. As a
shell is grown, the emission spectrum shifts to the red (to-
wards the black curve). FIG. 3B is a graph showing an optical
absorbance showing the red-shifting and eventual loss of the
first exciton peak as the CdSe shell is grown on the CdTe core,
typical of type I QDs. FIG. 3B corresponds to the absorption
spectra of the particles as a passivating shell is grown. The red
curve is just the core (in this case, CdTe) with no shell. As a
shell is grown, the absorption peak shifts to the red. Also,
because this shell material results in a type 11 QD, the absorp-
tion spectra should lose it’s peak (as shown in the black
curve), proving that shell growth was successful.

FIGS. 4A to 4B illustrate the unique growth properties of
polymer synthesis procedure. FIG. 4A illustrates the fluores-
cence wavelength and full width half max (FWHM) as a
function of time and polymer concentration, showing a
decrease in nanoparticle growth rate with increasing polymer
precursor concentration (opposite effect seen with monova-
lent precursors). FIG. 4B illustrates preparing a reaction flask
containing both precursors and then rapidly increasing tem-
perature results in nucleation of nanoparticles without the
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need of an injection step, which is necessary for synthesis
using monovalent precursors. FIG. 4B represents emission
spectra from a reaction where all materials were added in a
single vessel at low temps and the temp was increased to
induce nucleation (rather than preparing the precursors sepa-
rately and adding one to the other at high temperatures). The
curves show the gradual appearance of a characteristic QD
emission, indicating that QD synthesis was successful using
this method.

FIGS. 5A to 5B illustrate reaction kinetics of CdTe core
synthesis. FIG. 5A illustrates the temporal evolution of the
absorption spectra for CdTe cores synthesized using the
amphiphilic multidentate ligand procedure. FIG. 5B illus-
trates the reaction kinetics of the multidentate ligands com-
pared to traditional monodentate ligands.

FIG. 6 is a size histogram of CdTe cores. CdTe core QDs
were synthesized using the polymer procedure. A transmis-
sion electron micrograph was taken and analyzed to deter-
mine size distribution of the particles (mean diameter=4.2
nm, standard deviation~10%).

DETAILED DESCRIPTION

Before the present disclosure is described in greater detail,
it is to be understood that this disclosure is not limited to
particular embodiments described, as such may, of course,
vary. It is also to be understood that the terminology used
herein is for the purpose of describing particular embodi-
ments only, and is not intended to be limiting, since the scope
of'the present disclosure will be limited only by the appended
claims.

Where a range of values is provided, it is understood that
each intervening value, to the tenth of the unit of the lower
limit (unless the context clearly dictates otherwise), between
the upper and lower limit of that range, and any other stated or
intervening value in that stated range, is encompassed within
the disclosure. The upper and lower limits of these smaller
ranges may independently be included in the smaller ranges
and are also encompassed within the disclosure, subject to
any specifically excluded limit in the stated range. Where the
stated range includes one or both of the limits, ranges exclud-
ing either or both of those included limits are also included in
the disclosure.

Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which this disclosure
belongs. Although any methods and materials similar or
equivalent to those described herein can also be used in the
practice or testing of the present disclosure, the preferred
methods and materials are now described.

All publications and patents cited in this specification are
herein incorporated by reference as if each individual publi-
cation or patent were specifically and individually indicated
to be incorporated by reference and are incorporated herein
by reference to disclose and describe the methods and/or
materials in connection with which the publications are cited.
The citation of any publication is for its disclosure prior to the
filing date and should not be construed as an admission that
the present disclosure is not entitled to antedate such publi-
cation by virtue of prior disclosure. Further, the dates of
publication provided could be different from the actual pub-
lication dates that may need to be independently confirmed.

As will be apparent to those of skill in the art upon reading
this disclosure, each of the individual embodiments described
and illustrated herein has discrete components and features
which may be readily separated from or combined with the
features of any of the other several embodiments without
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departing from the scope or spirit of the present disclosure.
Any recited method can be carried out in the order of events
recited or in any other order that is logically possible.

Embodiments of the present disclosure will employ, unless
otherwise indicated, techniques of chemistry, synthetic
organic chemistry, biochemistry, biology, molecular biology,
and the like, which are within the skill of the art. Such tech-
niques are explained fully in the literature.

The following examples are put forth so as to provide those
of ordinary skill in the art with a complete disclosure and
description of how to perform the methods and use the com-
positions and compounds disclosed and claimed herein.
Efforts have been made to ensure accuracy with respect to
numbers (e.g., amounts, temperature, etc.), but some errors
and deviations should be accounted for. Unless indicated
otherwise, parts are parts by weight, temperature is in ° C.,
and pressure is at or near atmospheric. Standard temperature
and pressure are defined as 20° C. and 1 atmosphere.

Before the embodiments of the present disclosure are
described in detail, it is to be understood that, unless other-
wise indicated, the present disclosure is not limited to par-
ticular materials, reagents, reaction materials, manufacturing
processes, or the like, as such can vary. It is also to be under-
stood that the terminology used herein is for purposes of
describing particular embodiments only, and is not intended
to be limiting. It is also possible in the present disclosure that
steps can be executed in different sequence where this is
logically possible.

It must be noted that, as used in the specification and the
appended claims, the singular forms “a,” “an,” and “the”
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a support”
includes a plurality of supports. In this specification and in the
claims that follow, reference will be made to a number of
terms that shall be defined to have the following meanings
unless a contrary intention is apparent.

Definitions

In describing and claiming the disclosed subject matter, the
following terminology will be used in accordance with the
definitions set forth below.

The term “quantum dot” (QD) as used herein refers to
semiconductor nanocrystals or artificial atoms, which are
semiconductor crystals that contain anywhere between 100 to
1,000 electrons and range from about 2-10 nm. Some QDs
can be between about 1-40 nm in diameter. QDs have high
quantum yields, which makes them particularly useful for
optical applications. QDs are fluorophores that fluoresce by
forming excitons, which can be thought of as the excited state
of'traditional fluorophores, but have much longer lifetimes of
up to 200 nanoseconds. This property provides QDs with low
photobleaching. The energy level of QDs can be controlled by
changing the size and shape of the QD and the depth of the
QDs’ potential. One of the optical features of small excitonic
QD:s is coloration, which is determined by the size of the dot.
The larger the dot, the redder, or more towards the red end of
the spectrum the fluorescence. The smaller the dot, the bluer
or more towards the blue end it is. The bandgap energy that
determines the energy and hence the color of the fluoresced
light is inversely proportional to the square of the size of the
QD. Larger QDs have more energy levels which are more
closely spaced, thus allowing the QD to absorb photons con-
taining less energy, e.g., those closer to the red end of the
spectrum. Because the emission frequency of a dot is depen-
dent on the bandgap, it is therefore possible to control the
output wavelength of a dot with extreme precision.
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The term “aliphatic group” refers to a saturated or unsat-
urated linear or branched hydrocarbon group and encom-
passes alkyl, alkenyl, and alkynyl groups, for example.

The terms “alk™ or “alkyl” refer to straight or branched
chain hydrocarbon groups having 1 to 12 carbon atoms, pref-
erably 1 to 8 carbon atoms, such as methyl, ethyl, n-propyl,
i-propyl, n-butyl, i-butyl, t-butyl, pentyl, hexyl, heptyl, n-oc-
tyl, dodecyl, octadecyl, amyl, 2-ethylhexyl, and the like. The
term “substituted alkyl” refers to alkyl groups substituted
with one or more groups, preferably selected from aryl, sub-
stituted aryl, heterocyclo, substituted heterocyclo, carbocy-
clo, substituted carbocyclo, halo, hydroxy, protected
hydroxy, alkoxy (e.g., C, to C,) (optionally substituted), acyl
(e.g., C, to C,), aryloxy (e.g., C, to C,) (optionally substi-
tuted), alkylester (optionally substituted), arylester (option-
ally substituted), alkanoyl (optionally substituted), aryol (op-
tionally substituted), carboxy, protected carboxy, cyano,
nitro, amino, substituted amino, (monosubstituted)amino,
(disubstituted)amino, protected amino, amido, lactam, urea,
urethane, sulfonyl, etc.

The term “alkenyl” refers to straight or branched chain
hydrocarbon groups having 2 to 12 carbon atoms, preferably
2 to 4 carbon atoms, and at least one double carbon to carbon
bond (either cis or trans), such as ethenyl. The term “substi-
tuted alkenyl” refers to alkenyl groups substituted with one or
more groups, preferably selected from aryl, substituted aryl,
heterocyclo, substituted heterocyclo, carbocyclo, substituted
carbocyclo, halo, hydroxy, alkoxy (optionally substituted),
aryloxy (optionally substituted), alkylester (optionally sub-
stituted), arylester (optionally substituted), alkanoyl (option-
ally substituted), aryol (optionally substituted), cyano, nitro,
amino, substituted amino, amido, lactam, urea, urethane, sul-
fonyl, and the like.

The term “alkynyl” refers to straight or branched chain
hydrocarbon groups having 2 to 12 carbon atoms, preferably
2 to 4 carbon atoms, and at least one triple carbon to carbon
bond, such as ethynyl. The term “substituted alkynyl” refers
to alkynyl groups substituted with one or more groups, pref-
erably selected from aryl, substituted aryl, heterocyclo, sub-
stituted heterocyclo, carbocyclo, substituted carbocyclo,
halo, hydroxy, alkoxy (optionally substituted), aryloxy (op-
tionally substituted), alkylester (optionally substituted), ary-
lester (optionally substituted), alkanoyl (optionally substi-
tuted), aryol (optionally substituted), cyano, nitro, amino,
substituted amino, amido, lactam, urea, urethane, sulfonyl,
and the like.

Use of the phrase “biomolecule” is intended to encompass
deoxyribonucleic acid (DNA), ribonucleic acid (RNA),
nucleotides, oligonucleotides, nucleosides, polynucleotides,
proteins, peptides, polypeptides, selenoproteins, antibodies,
antigens, protein complexes, aptamers, haptens, combina-
tions thereof, and the like.

Use of “biological” or “biological target” is intended to
encompass biomolecules (e.g., deoxyribonucleic acid
(DNA), ribonucleic acid (RNA), nucleotides, oligonucle-
otides, nucleosides, polynucleotides, proteins, peptides,
polypeptides, selenoproteins, antibodies, antigens, protein
complexes, aptamers, haptens, combinations thereof) and the
like. In particular, biological or biological target can include,
but is not limited to, naturally occurring substances such as
polypeptides, polynucleotides, lipids, fatty acids, glycopro-
teins, carbohydrates, fatty acids, fatty esters, macromolecular
polypeptide complexes, vitamins, co-factors, whole cells,
eukaryotic cells, prokaryotic cells, micelles, microorganisms
such as viruses, bacteria, protozoa, archaea, fungi, algae,
spores, apicomplexan, trematodes, nematodes, mycoplasma,
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or combinations thereof. In addition, the biological target can
include native intact cells, viruses, bacterium, and the like.

Use of the term “affinity” can include biological interac-
tions and/or chemical interactions. The biological interac-
tions can include, but are not limited to, bonding or hybrid-
ization among one or more biological functional groups
located on the first biomolecule or biological target and the
second biomolecule or biological target. In this regard, the
first (or second) biomolecule can include one or more bio-
logical functional groups that selectively interact with one or
more biological functional groups of the second (or first)
biomolecule. The chemical interaction can include, but is not
limited to, bonding among one or more functional groups
(e.g., organic and/or inorganic functional groups) located on
the biomolecules.

“Treating” or “treatment” of a disease (or a condition or a
disorder) includes preventing the disease from occurring in an
animal that may be predisposed to the disease but does not yet
experience or exhibit symptoms of the disease (prophylactic
treatment), inhibiting the disease (slowing or arresting its
development), providing relief from the symptoms or side-
effects of the disease (including palliative treatment), and
relieving the disease (causing regression of the disease). With
regard to cancer, these terms also mean that the life expect-
ancy of an individual affected with a cancer will be increased
or that one or more of the symptoms of the disease will be
reduced.

As used herein, the term “host” or “organism” includes
humans, mammals (e.g., cats, dogs, horses, etc.), living cells,
and other living organisms. A living organism can be as
simple as, for example, a single eukaryotic cell or as complex
as a mammal. Typical hosts to which embodiments of the
present disclosure may be administered will be mammals,
particularly primates, especially humans. For veterinary
applications, a wide variety of subjects will be suitable, e.g.,
livestock such as cattle, sheep, goats, cows, swine, and the
like; poultry such as chickens, ducks, geese, turkeys, and the
like; and domesticated animals particularly pets such as dogs
and cats. For diagnostic or research applications, a wide vari-
ety of mammals will be suitable subjects, including rodents
(e.g., mice, rats, hamsters), rabbits, primates, and swine such
as inbred pigs and the like. Additionally, for in vitro applica-
tions, such as in vitro diagnostic and research applications,
body fluids and cell samples of the above subjects will be
suitable for use, such as mammalian (particularly primate
such as human) blood, urine, or tissue samples, or blood,
urine, or tissue samples of the animals mentioned for veteri-
nary applications. In some embodiments, a system includes a
sample and a host. The term “living host” refers to host or
organisms noted above that are alive and are not dead. The
term “living host” refers to the entire host or organism and not
justa part excised (e.g., a liver or other organ) from the living
host.

Theterm “sample” can refer to atissue sample, cell sample,
a fluid sample, and the like. The sample may be taken from a
host. The tissue sample can include hair (including roots),
buccal swabs, blood, saliva, semen, muscle, or from any
internal organs. The fluid may be, but is not limited to, urine,
blood, ascites, pleural fluid, spinal fluid, and the like. The
body tissue can include, but is not limited to, skin, muscle,
endometrial, uterine, and cervical tissue. In the present dis-
closure, the source of the sample is not critical.

The term “detectable” refers to the ability to detect a signal
over the background signal.

The term “detectable signal” is a signal derived from quan-
tum dots. The detectable signal is detectable and distinguish-
able from other background signals that may be generated
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from the host. In other words, there is a measurable and
statistically significant difference (e.g., a statistically signifi-
cant difference is enough of a difference to distinguish among
the acoustic detectable signal and the background, such as
about 0.1%, 1%, 3%, 5%, 10%, 15%, 20%, 25%, 30%, or
40% or more difference between the detectable signal and the
background) between detectable signal and the background.
Standards and/or calibration curves can be used to determine
the relative intensity of the acoustic detectable signal and/or
the background.

Discussion

Inaccordance with the purpose(s) of the present disclosure,
as embodied and broadly described herein, embodiments of
the present disclosure, in one aspect, relate to quantum dots,
methods of making quantum dots, methods of using quantum
dots, and the like. In particular, embodiments of the present
disclosure include making quantum dots using an “all-in-
one” strategy for synthesizing, encapsulating, and solubiliz-
ing quantum dots, while still producing quantum dots having
detectable signals. The quantum dots can be used in many
areas such as, but not limited to, imaging (in vitro and in vivo),
biosensing, biolabeling, gene expression studies, protein
studies, medical diagnostics, diagnostic libraries, microflu-
idic systems, delivery vehicles, lithography and patterning,
and the like.

Embodiments of the present disclosure provide for a “one-
pot” procedure (e.g., the quantum dots can be prepared in a
single reaction vessel) for producing water-soluble, core-
shell quantum dots. Embodiments of the present disclosure
include using amphiphilic multidentate ligands and non-co-
ordinating solvents. Use of the amphiphilic multidentate
ligands and non-coordinating solvents are advantageous for
at least the following reasons: increased particle solubility,
enhanced control of particle growth kinetics, and/or the abil-
ity to produce ultrasmall quantum dots. Embodiments of the
present disclosure provide for an in-situ growth process of
inorganic passivating quantum dot shell on a quantum dot
core. In addition, embodiments of the present disclosure can
use an excess of amphiphilic polymer, which allows imme-
diate transfer of quantum dots into a number of solvents such
as water, acetone, dimethylformamide (DMF), dimethyl sul-
foxide (DMSO), methanol, ethanol, propanol, butanol, chlo-
roform, dichloromethane (DCM), tetrahydrofuran (THF),
toluene, and any combination thereof. Additional details are
described in the Examples.

In general, embodiments of the present disclosure provide
for methods of making quantum dots. The method includes
mixing an amphiphilic polymer dissolved in a non-coordinat-
ing solvent with a first precursor to produce a carboxylate
precursor. In an embodiment, the temperature can be about
25°C. 10 300° C., and the pH depends on the solvent (e.g., for
PEG, itis roughly neutral; for hydrophobic solvents, the pH is
acidic (below 7) to keep the carboxylic acid groups proto-
nated for solubility reasons).

Then the carboxylate precursor is mixed with a second
precursor to form a quantum dot core. In an embodiment, the
temperature and pH are similar to that described above. In an
embodiment, the addition of the second precursor involves a
quick injection at high temperatures (e.g., about 200° C. to
350° C.).

Subsequently, the quantum dot core is mixed with a pre-
cursor (e.g., a third precursor, a fourth precursor, or a combi-
nation thereof) to form a quantum dot cap on the quantum dot
core to form a quantum dot. The quantum dot includes a layer
of' amphiphilic polymer disposed on the surface of the quan-
tum dot. In an embodiment, the temperature is about 150° C.
to 350° C. Additional details regarding embodiments of the
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quantum dots and methods of making the quantum dots of the
present disclosure are described in the Examples.

The mixing of the components described above can be
conducted in a single reaction vessel. In addition, the quan-
tum dot cap and layer of amphiphilic polymer can be formed
in situ. The temperature and environment of the reaction can
be controlled using known methods and systems. Specific
examples are described in the Examples. In an embodiment,
the mixing steps could be conducted in separate reaction
vessels, but it is advantageous to react in a single reaction
vessel. The precursor materials, amphiphilic polymer, and/or
the non-coordinating solvent can be pre-made in separate
reaction vessels prior to being disposed in the reaction vessel
to produce the quantum dots of the present disclosure. In the
alternative, the components (e.g., a carboxylate precursor)
could be added to the reaction vessel that the precursor mate-
rials, amphiphilic polymer, and/or the non-coordinating sol-
vent were prepared in. Although each reaction step is not
taking place in the same reaction vessel, each reaction step
can be conducted in a single reaction vessel.

In an embodiment, the amphiphilic polymer can be an
amphiphilic multidentate polymer. In an embodiment, the
amphiphilic polymer can be a polymer containing both
hydrophobic and hydrophilic portions with a functional
group (e.g., carboxylic acid functional groups or phosphonic
functional groups) capable of coordinating with the quantum
dot atoms. The amphiphilic multidentate polymer contains
aliphatic chains and carboxylic acid functional groups. In an
embodiment the aliphatic chains can have about 2 to 20, about
610 16, or about 8 to 14 carbon chains. In an embodiment, the
chains can be the same length or include chains of varying
length. In an embodiment, the aliphatic chains can have a 12
carbon chain. In an embodiment, the amphiphilic multiden-
tate polymer can include about 3 to hundreds (e.g., 100 to 500
or more), about 5 to 100, or about 8 to 24 carboxylic acid
functional groups (or phosphonic groups in another embodi-
ment). The amphiphilic multidentate polymer can have a
molecular weight of about 500 to 100,000, about 2000 to
20,000, or about 2500 to 7500. In an embodiment, the
amphiphilic multidentate polymer can include one or more of
the following poly(acrylic acid)-dodecylamine, poly(acrylic
acid)-octylamine, poly(maleic anhydride-alt-1-octadecene,
poly(maleic  anhydride-alt-1-tetradecene, combinations
thereof, and the like.

The term “non-coordinating solvent” means that a solvent
which does not or does not substantially coordinate or interact
with the surface of the crystalline nanoparticle. In an embodi-
ment, the non-coordinating solvent can include high boiling
point solvents lacking functional groups that interact with the
quantum dot. In an embodiment, water miscible solvents are
necessary for the one-pot procedure to transfer to water. In
another embodiment, hydrophobic solvents can be used to
transfer the particles to other solvents such as those listed
above. In an embodiment, the non-coordinating solvent can
include polyethyleneglycol, octadecane, octadecene, hexade-
cane, hexadecene, and any combination thereof. In an
embodiment, the polyethyleneglycol has a low molecular
weight of about 150 to tens of thousands, about 200 to 1500,
or about 250 to 1000 AMU.

The core and cap of the quantum dot can be made from
three, four, or five or more precursors. In an embodiment
using three precursors, one of the two precursors to produce
the quantum dot core is allowed to be completely depleted so
that the other of the precursors can then be mixed with a third
precursor to produce the cap of the quantum dot. In another
embodiment, four precursors are used. The two precursors
used to form the core of the quantum dot are allowed to be
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completely depleted, and two additional precursors are added
to form the cap of the quantum dot. For reasons of clarity, the
following example illustrates the use of three precursors.
However, four or more precursors could be used to form the
quantum dot.

In an embodiment, the first precursor, second precursor,
and the third precursor are components used to form the core
and cap of the quantum dot. The first precursor, the second
precursor, and the third precursor can be metals, metalloids,
or chalcogenides, some of which are described in the present
disclosure in the discussion of quantum dots. The first pre-
cursor, the second precursor, and the third precursor can be
independently selected from: a Cd precursor (e.g., CdO, Cd
acetate, cadmium acetylacetonate, CdCl,, and the like), a Se
precursor (e.g., pure selenium, Se with a coordinating ligand
of tributylphosphine or trioctylphosphine, and the like), a Te
precursor (e.g., pure tellurium, Te with a coordinating ligand
of tributylphosphine or trioctylphosphine, and the like), a Hg
precursor (e.g., mercury acetate, mercury oxide, mercury
chloride, and the like), a Pb precursor (e.g., lead acetate, lead
oxide, lead chloride, and the like), a Zn precursor (e.g., Zinc
acetate, zinc oxide, zinc chloride, and the like), and a S
precursor (e.g., pure sulfur, sulfur with a coordinating ligand
such as tributylphosphine or trioctylphosphine, and the like).
The first precursor, the second precursor, and the third pre-
cursor can be different from each other.

Quantum dots can include, but are not limited to, lumines-
cent semiconductor quantum dots. In general, quantum dots
include a core and a cap, however, uncapped quantum dots
can be used as well. The “core” is a nanometer-sized semi-
conductor. While any core of the [TA-VIA, IITA-VA, or IVA-
IVA, IVA-VIA semiconductors can be used in the context of
the present disclosure, the core is such that, upon combination
with a cap, a luminescent quantum dot results. A [IA-VIA
semiconductor is a compound that contains at least one ele-
ment from Group IIA and at least one element from Group
VIA ofthe periodic table, and so on. The core can include two
or more elements. In one embodiment, the core is an I11A-
VIA, IITA-VA, or IVA-IVA semiconductor that can be about
1 nm to 40 nm, about 1 nm to 30 nm, about 1 nm to 20 nm, or
about 1 nm to 10 nm in diameter. In another embodiment, the
core can be an IIA-VIA semiconductor and can be about 2 nm
to 10 nm in diameter. For example, the core can be CdS, CdSe,
CdTe, ZnSe, ZnS, PbS, PbSe, or an alloy. In an embodiment
the core is CdTe.

The “cap” is a semiconductor that differs from the semi-
conductor of the core and binds to the core, thereby forming
a surface layer on the core. The cap typically passivates the
core by having a higher band gap than the core. In one
embodiment, the cap can be a [IA-VIA semiconductor of high
band gap. For example, the cap can be ZnS or CdS. Combi-
nations of the core and cap can include, but are not limited to,
the cap is ZnS when the core is CdSe or CdS, and the cap is
CdS when the core is CdSe. Other exemplary quantum does
include, but are not limited to, CdS, ZnSe, CdSe, CdTe,
CdSe Te, , InAs, InP, PbTe, PbSe, PbS, HgS, HgSe, HgTe,
CdHgTe, and GaAs. The size of the cap can be about 0.1 to 10
nm, about 0.1 to 5 nm, or about 0.1 to 2 nm in diameter. In an
embodiment, the cap is CdSe.

The wavelength emitted (e.g., color) by the quantum dots
can be selected according to the physical properties of the
quantum dots, such as the size and the material of the nanoc-
rystal. Quantum dots are known to emit light from about 300
nanometers (nm) to 2000 nm (e.g., UV, near IR, and IR). The
colors of the quantum dots include, but are not limited to, red,
blue, green, and combinations thereof. The color or the fluo-
rescence emission wavelength can be tuned continuously.
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The wavelength band of light emitted by the quantum dot is
determined by either the size of the core or the size of the core
and cap, depending on the materials that make up the core and
cap. The emission wavelength band can be tuned by varying
the composition and the size of the QD and/or adding one or
more caps around the core in the form of concentric shells.

Inan embodiment, the core (first:second quantum dot core)
can be CdSe, CdS, HgS, HgSe, PbS, PbSe, ZnS, ZnSe, ZnTe,
and the like. In an embodiment, the cap (a first:third quantum
dot cap) can be CdTe, CdS, CdSe, ZnS, and ZnSe. In an
embodiment, the cap:core (first:second/first:third) combina-
tion can include CdTe/CdSe, CdSe/CdS, CdSe/ZnS, and
CdTe/ZnSe. Additional details are described in the Examples.

As mentioned above, the amphiphilic polymer is dissolved
in the non-coordinating solvent with the first precursor to
produce a carboxylate precursor. In an embodiment of the
present disclosure the carboxylate precursor can be described
as an amphiphilic polymer with a hydrophobic and hydro-
philic portion with multiple (2 or greater) coordinated pre-
cursor atoms (e.g., Cd, Zn, Hg, and the like).

As noted above, a layer of amphiphilic polymer is disposed
on the surface of the quantum dot. In an embodiment, the
layer of amphiphilic polymer can be described as a coordi-
nating layer with the coordinating functional groups interact-
ing with the surface of the quantum dot and the hydrophobic
portion exposed to the solvent. In an embodiment, upon trans-
fer to water, a second layer of amphiphilic polymer is depos-
ited with the hydrophobic portion interacting with the hydro-
phobic portion of the first layer and the hydrophilic portion
interacting with the aqueous solvent. The thickness of the
layer can be about 0.5 to 10, about 1 to 5, or about 1.5 to 3 nm.

In an embodiment, the molar ratio of the polymer:first
precursor (metal atom) is about 1:10 to 250:1 or about 1:5 to
10:1. In an embodiment, the molar ratio of the first precursor:
second precursor is about 10:1 to 1:10 or about 1:1 to 3:1. In
an embodiment, the molar ratio of the first precursor (metal
atom):third precursor (metal atom) is about 10:1 to 1:10 or
about 1:1 to 5:1. In an embodiment, the molar ratio of solvent
to first precursor (metal atom) can be about 150:1. This ratio
gives a final concentration of approximately 20 mM for the
first precursor (metal atom), but could be from about 5 mM to
50 mM. In an embodiment, any combination of the ratios
noted above could be combined if appropriate to produce the
desired quantum dot.

In a particular embodiment, a CdTe/CdSe quantum dot
having a layer of amphiphilic polymer disposed on the sur-
face of the CdTe/CdSe quantum dot can be formed using
methods of the present disclosure. Details regarding methods
of making CdTe/CdSe quantum dots are described in the
Examples.

In an embodiment, an amphiphilic polymer is dissolved in
PEG and mixed with a Cd precursor (e.g., CdO) to produce a
carboxylate precursor. The amphiphilic polymer can be any
of'the amphiphilic polymers mentioned above. In an embodi-
ment the amphiphilic polymer can be poly(acrylic acid)-
dodecylamine, poly(acrylic acid)-octylamine, poly(maleic
anhydride-alt-1-octadecene, poly(maleic anhydride-alt-1-
tetradecene, combinations thereof, and the like. The PEG can
be mixed with any of the amphiphilic polymers mentioned
above. In an embodiment, the PEG can be PEG 250 (molecu-
lar weight of 250), PEG 350 (molecular weight of 350), or
PEG 1000 (molecular weight of 1000). In an embodiment, the
carboxylate precursor can be any of the carboxylate precur-
sors noted above. In an embodiment, the carboxylate precur-
sor can be (be poly(acrylic acid)-dodecylamine, poly(acrylic
acid)-octylamine, poly(maleic anhydride-alt-1-octadecene,
poly(maleic  anhydride-alt-1-tetradecene, combinations
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thereof, and the like, each coordinated with a metal ion, for
example. In an embodiment, the temperature can be about 50°
C. 10 250° C., about 75° C. to 150° C., or about 100° C. The
pH will depend on the solvent used.

In an embodiment, the carboxylate precursor is mixed with
a tellurium precursor to form a CdTe core. The tellurium
precursor can be any of the tellurium precursors noted above.
In an embodiment, the tellurium precursor is pure tellurium,
Te with coordinating ligand of tributylphosphine or trio-
ctylphosphine, or the like. The CdTe core can have a diameter
ofabout 1.5 to 10 nm. In an embodiment, the temperature can
be about 25° C. to 300° C. or about 100° C. to 200° C.

In an embodiment, the CdTe quantum dot core is mixed
with a selenium precursor to form a CdSe cap on the CdTe
core to form a CdTe/CdSe quantum dot. The process also
forms a layer of amphiphilic polymer disposed on the surface
of'the CdTe/CdSe quantum dot. The CdTe/CdSe quantum dot
can have a diameter of about 3 to 20 nm. The layer can have
a diameter of about 0.25 to 10 nm. The CdTe/CdSe quantum
dot plus the layer can have a diameter of about 5 to 50. The
CdTe/CdSe quantum dot can have an emission spectrum of
about 500 to 1200 nm. The selenium precursor can be any of
the selenium precursors noted above. In an embodiment, the
selenium precursor is pure selenium or selenium with a coor-
dinating ligand such as tributylphosphine, trioctylphosphine.
The layer of amphiphilic polymer can be any of one of those
described above. In an embodiment, the layer of amphiphilic
polymer can be poly(acrylic acid)-dodecylamine, poly
(acrylic acid)-octylamine, poly(maleic anhydride-alt-1-octa-
decene, poly(maleic anhydride-alt-1-tetradecene, or combi-
nations thereof. In an embodiment, the reaction temperature
can be about 100° C. to 300° C. or about 150° C. to 250° C.
(e.g., temperature gradually increases as more shell material
is grown on the core).

The CdTe/CdSe quantum dot having the layer can be dis-
solved in water, acetone, dimethylformamide (DMF), chlo-
roform, dimethyl sulfoxide (DMSO), methanol, ethanol, pro-
panol, butanol, chloroform, dichloromethane (DCM),
tetrahydrofuran (THF), toluene and any combination thereof.

In an embodiment, the relative amounts of the various
components can be described using ratios of the various com-
ponents. In an embodiment, the polymer to Cd metal atom
molar ratio can be about 1:10 to 250:1 or about 1:5to 10:1; a
Cd atom:Te atom molar ratio can be about 10:1 to 1:10 or
about 1:1 to 3:1; and a Cd atom:Se atom molar ratio can be
about 1:10 to 10:1 or about 1:1 to 5:1. In an embodiment, a
solvent to Cd metal atom molar ratio can be about 150:1. Inan
embodiment, the final concentrations for the Cd metal atom
can be about 5 mM to 50 mM or about 20 mM.

Additional details regarding an embodiment of the present
disclosure are described in the Examples.

The mixing of the components described above can be
conducted in a single reaction vessel. In addition, the quan-
tum dot cap and layer of amphiphilic polymer can be formed
in situ. The temperature and environment of the reaction can
be controlled using known methods and systems. Specific
examples are described in the Examples. In an embodiment,
the mixing steps could be conducted in separate reaction
vessels, but it is advantageous to react in a single reaction
vessel. The precursor materials, amphiphilic polymer, and/or
the non-coordinating solvent can be pre-made in separate
reaction vessel prior to being disposed in the reaction vessel
to produce the quantum dots of the present disclosure. In the
alternative, the components (e.g., a carboxylate precursor)
could be added to the reaction vessel that the precursor mate-
rials, amphiphilic polymer, and/or the non-coordinating sol-
vent were prepared in. Although each reaction step is not
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taking place in the same reaction vessel, each reaction step
can be conducted in a single reaction vessel.
Methods of Use

As mentioned above, the present disclosure relates gener-
ally to methods for detecting, localizing, and/or quantifying
biological targets, cellular events, diagnostics, cancer and
disease imaging, gene expression, protein studies and inter-
actions, and the like. The present disclosure also relates to
methods for multiplex imaging inside a host living cell, tis-
sue, or organ, or a host living organism, using embodiments
of the present disclosure.

The biological target can include, but is not limited to,
viruses, bacteria, cells, tissue, the vascular system, microor-
ganisms, artificially constituted nanostructures (e.g.,
micelles), proteins, polypeptides, antibodies, antigens,
aptamers (polypeptide and polynucleotide), haptens, poly-
nucleotides, and the like, as well as those biological targets
described in the definition section above.

Kits

This disclosure encompasses kits, which include, but are
not limited to, quantum dots and directions (written instruc-
tions for their use). The components listed above can be
tailored to the particular study to be undertaken. The kit can
further include appropriate buffers and reagents known in the
art for administering various combinations of the components
listed above to the host cell or host organism.

In addition, this disclosure encompasses kits, which
include, but are not limited to, components to make the quan-
tum dots and directions for making the quantum dots.

EXAMPLES

Now having described the embodiments of the present
disclosure, in general, the Examples describe some additional
embodiments of the present disclosure. While embodiments
of'the present disclosure are described in connection with the
Examples and the corresponding text and figures, there is no
intent to limit embodiments of the present disclosure to these
descriptions. On the contrary, the intent is to cover all alter-
natives, modifications, and equivalents included within the
spirit and scope of embodiments of the present disclosure.

Example 1

Brief Introduction:

This Example describes a “one-pot” synthesis, encapsula-
tion, and solubilization of high-quality quantum dots based
on the use of amphiphilic and multidentate polymer ligands.
In this “all-in-one” procedure, the resulting QDs are first
capped by the multidentate ligand, and are then spontane-
ously encapsulated and solubilized by a second layer of the
same multidentate polymer upon exposure to water. In addi-
tion to providing better control of nanocrystal nucleation and
growth kinetics (including resistance to Ostwald ripening),
this procedure allows for in-situ growth of an inorganic pas-
sivating shell on the nanocrystal core, enabling one-pot syn-
thesis of both type-I and type-II core-shell QDs with tunable
light emission from visible to near-infrared wavelengths.
Discussion:

This one-pot method for the simultaneous synthesis,
encapsulation, and solubilization of high-quality quantum
dots is based on the use of amphiphilic multidentate ligands
and noncoordinating solvents such as low-molecular weight
polyethylene glycols (PEG) (MW=350 Daltons). The multi-
dentate polymer ligands contain aliphatic chains and car-
boxylic acid functional groups, and are found to act as both a
cadmium precursor ligand and a nanoparticle surface stabi-



US 9,073,751 B2

13

lizer, leading to improved control of chemical reaction kinet-
ics and increased resistance to Ostwald ripening. When
exposed to water, excess polymer molecules spontaneously
encapsulate and solubilize the QDs without any additional
materials or steps. Furthermore, this synthetic procedure
allows for in-situ growth of an inorganic passivating shell on
the nanocrystal core, enabling one-pot synthesis of both
type-1 and type-II core-shell QDs (See, J. Am. Chem. Soc.
2003, 125, 11466-11467, which is incorporated herein by
reference).

FIGS. 1A and 1B show the schematic structures of the
multidentate polymer ligands for one-pot QD synthesis and
the self-encapsulated QDs. An intermediate is a cluster of
chelated cadmium ions, generated by dissolving the
amphiphilic polymer and cadmium oxide or cadmium acetate
in noncoordinating polyethylene glycols at elevated tempera-
tures. The reactivity of this clustered cadmium precursor
plays an important role in controlling the nucleation and
growth kinetics of nanocrystals. By increasing the length of
the polymer backbone and the density of hydrophobic side
chains, a dramatic steric hindrance effect comes into play
resulting in homogeneous nucleation and growth, whereas
the use of traditional monovalent ligands leads to uncontrol-
lable and heterogeneous reactions (data not shown). By opti-
mizing the balance between the hydrophobic and hydrophilic
segments, the resulting QDs are spontaneously solubilized by
a second layer of the same amphiphilic polymer when the
reaction mixture is exposed to water (see FIG. 1B). However,
if the hydrophobic grafting percentage is too high, the number
of surface carboxylic acid functional groups becomes too low
for water solubilization. It has been found that about a 40
percent graft percentage (that is, about 40% of'the carboxylic
acid groups are modified with hydrophobic 12-carbon ali-
phatic size chains) is advantageous for controlled nanopar-
ticle growth and for solubilizing the capped QDs in water.

This improved control in reaction kinetics allows more
precise tuning of the nanoparticle size and fluorescence emis-
sion wavelength across a wide range (FIG. 2A). In fact, QD
fluorescence emission can be consistently controlled within
as little as 2 nm. This high precision will become important as
QD:s are increasingly adopted for multiplexed biological and
clinical assays, where consistency and repeatability are criti-
cal. The use of multidentate polymer precursors also provides
anew route to ultrasmall QDs; for example, small CdTe cores
emitting in the green range (515-525 nm, as small as 1.5 nm)
can be synthesized with narrow size distributions, allowing
for a very large dynamic range from the green to the far red
wavelengths (FIG. 2A). It is worth noting that ultrasmall QDs
are often difficult to synthesize with traditional monovalent
precursors because of problems with kinetic control of small
particles. The QDs capped with multidentate ligands are also
strongly resistant to Ostwald ripening. In fact, each polymer
has approximately 15 carboxylic acid functional groups that
are capable of coordinating with surface atoms. By increasing
the overall binding affinity through multivalent interactions
and providing steric hindrance, the polymer capping can bet-
ter stabilize the nanoparticles and reduce ripening. However,
some ripening does occur at increased temperatures after long
periods of time, as shown by maroon curve obtained after 1
hourat 280° C. (FIG. 2B, slight tailing). Overall, transmission
electron microscopy reveals uniform, nearly spherical par-
ticles without clustering or aggregation (FIG. 2C), confirm-
ing the stability and monodispersity of QDs synthesized and
protected with multidentate ligands.

Because QD cores show a propensity to oxidize in water, an
in-situ procedure was developed for capping them with an
inorganic passivating shell. Inorganic shells have the added
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benefit of increasing the quantum yield as well as opening the
possibility of bandgap engineering through the selection of an
appropriate shell material. In this procedure, an excess of
cadmium is used to start the synthesis (the mole ratio of
cadmium to tellurium mole is typically 2:1), and the reaction
is allowed to proceed until the limiting species (tellurium) is
depleted. This leaves an excess of the cadmium precursor
available for incorporation into a passivating shell. CdSe is
used as a model shell material for CdTe cores because the
band offsets are such that CdTe/CdSe is a type-1I QD with
light emission in the near-infrared spectrum (See, J. Am.
Chem. Soc. 2003, 125, 11466-11467, which is incorporated
herein by reference). Fluorescence emission spectra (FIG.
3A) show significant red-shifting of the original QD core
emission, from 650 nm to 810 nm, as a shell is grown on the
particle surface (QY's consistent with those reported in litera-
ture (See, J. Am. Chem. Soc. 2003, 125, 11466-11467, which
is incorporated herein by reference). Considerable broaden-
ing of the emission peak is observed with shell growth, con-
sistent with the behavior of type-1I QDs. Monitoring of the
QD absorbance spectra also confirms shell growth and tran-
sition to type-II behavior (FIG. 3B). For example, the distinct
exciton peak seen in the CdTe cores (red curve) is gradually
red-shifted and eventually disappears during shell deposition.
This is expected as the CdTe/CdSe QDs should behave as
indirect semiconductors near the band edge.

The roles of low-molecular weight PEGs are also interest-
ing. They provide not only an inert and noncoordinating
environment for QD synthesis at high temperatures, but also
act as an “adjuvant” to facilitate nanocrystal dissolution in
various solvents. Indeed, the QDs reported in this work show
“amphibious” behaviors and are soluble in a wide range of
hydrophilic and hydrophobic solvents including water, DMF,
acetone, and chloroform.

In summary, this example demonstrates an embodiment of
a new, one-pot procedure for preparing high-quality QDs
based on the use of amphiphilic multidentate ligands and
short polyethylene glycols at high temperatures. Some new
features associated with the use of polymeric precursors
include, but are not limited to, better control of the nanocrys-
tals growth kinetics, resistance to Oswald ripening, and/or
synthesis of ultrasmall dots with blue-shifted emission spec-
tra. This synthetic procedure also allows for in-situ growth of
an inorganic passivating shell (CdSe) on the QD core, open-
ing the possibility of bandgap engineering for these nanopar-
ticles and providing a large dynamic range for QD emission
from the visible to the near infrared.

Supporting Information
Polymer Synthesis:

The amphiphilic polymer (about 3500 Daltons) was syn-
thesized using standard carbodiimide chemistry. Briefly, 518
mg of poly(acrylic) acid (MW=1800 Daltons) and 533 mg of
dodecylamine were dissolved in 10 m[. DMF. 609 mg of
dicyclohexylcarbodiimide dissolved in a minimum amount
of DMF were added dropwise and the solution was mixed
vigorously for 24 hours to give an amphiphilic polymer with
40% of the carboxylic acid functional groups modified with a
12-carbon aliphatic chain.

Synthesis of CdTe Cores Using Multidentate Polymer
Ligands:

Approximately 170 mg (0.6 mmol COOH groups) of the
amphiphilic polymer (about 3500 MW, 40% graft percentage
of dodecylamine to 1800 MW poly(acrylic) acid using car-
bodiimide coupling) were dissolved in 1.5 mL. PEG (350
MW) at 100° C. under vacuum to remove water and dissolved
gases. 12.84 mg (0.1 mmol) CdO were added and the solution
was heated to 200° C. under Argon to form the carboxylate
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precursor. 2.8 mL PEG were added to dilute the solution and
the remaining procedure was carried out under an inert envi-
ronment using standard airless procedures. Solution was
heated to 300° C. and a tellurium precursor solution (0.05
mmol Te dissolved in 25 pL tributylphosphine and 1 mI PEG
at 200° C.) was quickly injected under vigorous stirring to
initiate nanocrystal growth. Reaction progress was monitored
by taking 250 uL aliquots at various time points using stan-
dard airless techniques and rapidly cooling to room tempera-
ture to halt the nanocrystal growth.

In-Situ Capping of CdTe Core QDs with CdSe:

CdTe cores were synthesized as described above. The reac-
tion was allowed to proceed to completion to deplete Te
precursor in solution (monitored by observing shift in fluo-
rescence spectra). The solution was then cooled to 130-180°
C. for the CdSe capping procedure. A 0.1 M selenium pre-
cursor solution was prepared using standard airless tech-
nique. Briefly, 78.96 mg Se was dissolved in 250 pL trubu-
tylphosphine and 9.75 mL PEG at 50° C. and then cooled to
room temperature. 2 ml, of the Se precursor solution was
added dropwise over the course of an hour while the core
solution was vigorously stirred and the fluorescence and
absorption spectra were observed to monitor the shell depo-
sition.

Supplemental Information
QD Synthesis and Reaction Kinetics:

Experiments were conducted to determine desirable reac-
tion parameters for QD synthesis and analyze the nucleation
and growth kinetics observed when using polymer ligands.
QDs were prepared under conditions identical to the monova-
lent synthesis procedure, replacing cadmium oleate precur-
sors with the multidentate cadmium precursors. Upon analy-
sis of the growth kinetics of polymer-prepared QDs, a number
of interesting properties were observed. By increasing the
concentration of polymer in the reaction mixture (effectively
increasing the COOH:Cd ratio), a decrease in the nucleation
and growth kinetics was observed (FIG. 4A). This was unex-
pected, as an analysis of the reaction kinetics seen in monova-
lent synthesis techniques reveals the opposite effect.

It is possible that this difference is the result of steric
hindrance from the multidentate polymer precursors. Using
monovalent ligands for cadmium precursors, steric hindrance
plays no significant role in the kinetics of nanoparticle nucle-
ation or growth because the precursor is always composed of
two oleic acid molecules coordinating a single cadmium ion,
regardless of the oleic acid concentration. By increasing the
concentration of oleic acid, only the reactivity of the cad-
mium chelate is affected by increasing the concentration of
carboxylic acids present in the solution. Conversely, by alter-
ing the concentration of the multidentate polymer when pre-
paring the cadmium precursor, the structure of the cadmium
polyate is altered. At low polymer concentrations, the struc-
ture most likely obtained is one in which multiple cadmium
ions are coordinated by a single polymer, as shown in the
schematic representation in FIG. 1. However, as the concen-
tration of the polymer increases, the number of cadmium ions
per polymer decreases and the probability that a cadmium ion
may be coordinated by carboxylic acid groups from separate
polymers is higher. This phenomenon essentially allows the
tuning of the effective molecular weight of the precursor by
changing the polymer:cadmium ratio. Because of this
increase in molecular weight, steric hindrance plays a role in
the reaction kinetics. With increased steric hindrance, both
nucleation and nanocrystal growth kinetics are retarded
despite an increase in the concentration of carboxylic acids in
solution, enabling an interesting method for controlling the
nanoparticle growth.
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Another interesting property of the polymer procedure for
QD synthesis is the ability to perform “no-injection” nucle-
ation of nanocrystals. For typical synthetic procedures using
monovalent precursors, a solution of an anion chalcogen pre-
cursor (sulfur, selenium, tellurium) is prepared separately and
then rapidly injected into the hot cadmium precursor solution
to initiate nanoparticle nucleation and subsequent growth.
This presents a problem for the scale up of these reaction
procedures, as it is increasingly difficult to rapidly inject
larger volumes of chalcogen precursor and the time needed
for the solution to mix completely increases. This can lead to
a more polydisperse product, lowering the quality of the
resulting nanoparticles. By using the cadmium polyate pre-
cursor, the chalcogen precursor can be separately prepared
and added at low temperatures and allowed to mix com-
pletely. After a homogenous solution is obtained, the tem-
perature can then be increased to induce nucleation of the
nanoparticles, as seen in FIG. 45. This development provides
a potential path towards large scale production of QD nano-
particles that would be needed for a number of important
applications.

Next, the overall growth rate of the nanoparticles synthe-
sized using multidentate ligands was directly compared to
procedures using monodentate oleic acid precursors. CdTe
core synthesis reactions were carried out under identical con-
ditions, with a COOH:cadmium ratio of 6:1 for both proce-
dures (FIGS. 5A and 5B). The polymer synthesis procedure
resulted in a very slow nanocrystal growth, as evidenced by
the absorption spectra taken over time (FIG. 5A). In fact,
depending on the polymer concentration, the nanocrystals
were still growing after more than 10 minutes at 270° C. In
contrast, QDs synthesized with oleic acid precursors grew
very rapidly and were much quicker to plateau (FIG. 5B).
This again is attributed to the increased steric hindrance of the
polymer ligands as well as multivalency. As the nanoparticles
are formed and grow, it is believed that the polymer is able
bind the surface of the QD in a multivalent fashion (see
diagram in FIG. 1B). Assuming the k,, and k, rates are
similar for carboxylic acids in oleic acid and the amphiphilic
polymer when binding to the nanoparticle surface, multiva-
lent binding will result in an effective k, (dissociation con-
stant) that is lower than for monovalent binding (meaning an
effectively higher binding affinity). Because of this higher
affinity, the deposition of cadmium and chalcogen monomers
on the surface of QDs protected by polymer ligands is
expected to be significantly slowed, which is consistent with
the data. In addition, a single amphiphilic polymer is more
than 12 times the size of an oleic acid molecule (~3500 Da vs.
282.5 Da), which may also slow the kinetics down through
steric effects.

Particle Size Characterization:

Size monodispersity for QDs prepared using multidentate
polymer precursors in PEG is comparable to nanoparticles
produced using traditional monovalent ligands in high tem-
perature organic solvents. TEM was performed on samples
and analyzed to develop a size histogram for the QDs (FIG.
6). In a characteristic sample, prepared nanocrystals had a
mean diameter of 4.2 nm with a standard deviation of
approximately 10%.

It should be noted that ratios, concentrations, amounts, and
other numerical data may be expressed herein in a range
format. It is to be understood that such a range format is used
for convenience and brevity, and thus, should be interpreted in
a flexible manner to include not only the numerical values
explicitly recited as the limits of the range, but also to include
all the individual numerical values or sub-ranges encom-
passed within that range as if each numerical value and sub-
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range is explicitly recited. To illustrate, a concentration range
of “about 0.1% to about 5% should be interpreted to include
notonly the explicitly recited concentration of about 0.1 wt %
to about 5 wt %, but also include individual concentrations
(e.g., 1%, 2%, 3%, and 4%) and the sub-ranges (e.g., 0.5%,
1.1%, 2.2%, 3.3%, and 4.4%) within the indicated range. The
term “about” can include £1%, 2%, +3%, 4%, +5%, 6%,
+7%, £8%, £9%, or £10%, or more of the numerical value(s)
being modified. In addition, the phrase “about X’ to ‘y’”
includes “about ‘x’ to about ‘y’”.

It should be emphasized that the above-described embodi-
ments of the present disclosure are merely possible examples
of implementations, and are set forth only for a clear under-
standing of the principles of the disclosure. Many variations
and modifications may be made to the above-described
embodiments of the disclosure without departing substan-
tially from the spirit and principles of the disclosure. All such
modifications and variations are intended to be included
herein within the scope of this disclosure.

We claim the following:

1. A structure comprising a quantum dot, said structure
made by:

a) mixing an amphiphilic polymer dissolved in a non-
coordinating solvent with a first precursor to produce a
carboxylate precursor;

b) mixing an excess amount of the carboxylate precursor
with a second precursor to form a quantum dot core;

¢) mixing the quantum dot core and the excess amount of
the carboxylate precursor with a precursor selected from
the group consisting of: a third precursor, a fourth pre-
cursor, and a combination thereof, to form a quantum dot
cap on the quantum dot core to form a quantum dot,
wherein the quantum dot includes a layer of amphiphilic
polymer disposed on the surface of the quantum dot and
attached to the quantum dot by interaction through car-
boxyl groups of the carboxylate precursor, said
amphiphilic polymer having hydrophobic multidentate
ligands extending from the quantum dot; and

(d) contacting the quantum dot generated in step (c) and the
excess amount of the carboxylate precursor with water
to generate an outer layer of amphiphilic polymer moi-
eties disposed on the quantum dot generated in step (c)
by a hydrophobic interaction between the multidentate
ligands extending from the quantum dot and from the
excess carboxylate precursor, said outer layer having
hydrophilic carboxyl groups exposed at the outer sur-
face of the structure.

2. A structure comprising a quantum dot, said structure

made by:

a) mixing an excess amount of an amphiphilic polymer
dissolved in PEG with a CdO to produce a carboxylate
precursor;

b) mixing the carboxylate precursor with a tellurium pre-
cursor to form a CdTe core;
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¢) mixing the CdTe quantum dot core with a selenium
precursor to form a CdSe cap on the CdTe core to form
a CdTe/CdSe quantum dot, wherein the CdTe/CdSe
quantum dot includes a layer of an amphiphilic multi-
dentate polymer disposed on the surface of the CdTe/
CdSe quantum dot, and wherein said amphiphilic mul-
tidentate polymer is attached to the quantum dot by
interaction through carboxyl groups of the carboxylate
precursor, said amphiphilic polymer having hydropho-
bic multidentate ligands extending from the quantum
dot; and

(d) contacting the quantum dot generated in step (¢) and the

excess amount of the carboxylate precursor with water
to generate an outer layer of amphiphilic polymer moi-
eties disposed on the quantum dot generated in step (c)
by a hydrophobic interaction between the multidentate
ligands extending from the quantum dot and from the
excess carboxylate precursor, said outer layer having
hydrophilic carboxyl groups exposed at the outer sur-
face of the structure.

3. A structure comprising a quantum dot comprising a
CdSe cap on a CdTe core to form a CdTe/CdSe quantum dot,
wherein the CdTe/CdSe quantum dot further includes a layer
of'an amphiphilic multidentate polymer disposed on the sur-
face of the CdTe/CdSe quantum dot, wherein said
amphiphilic multidentate polymer is attached to the quantum
dot by interaction through carboxyl groups of a carboxylate
precursor, said amphiphilic polymer having hydrophobic
multidentate ligands extending from the quantum dot, and an
outer layer of amphiphilic polymer moieties disposed thereon
by a hydrophobic interaction between the multidentate
ligands extending from the quantum dot and from an excess
amount of the carboxylate precursor, said outer layer having
hydrophilic carboxyl groups exposed at the outer surface of
the structure.

4. The quantum dot of claim 3, wherein the multidentate
ligands have aliphatic chains having 2 to 20 carbons each.

5. The quantum dot of claim 3, wherein the amphiphilic
multidentate polymer is a polymer selected from the group
consisting of: poly(acrylic acid)-dodecylamine, poly(acrylic
acid)-octylamine, poly(maleic anhydride-alt-1-octadecene,
poly(maleic anhydride-alt-1-tetradecene, and any combina-
tion thereof.

6. The quantum dot of claim 3, wherein the CdTe core is
about 1.5 to 10 nm.

7. The quantum dot of claim 3, wherein the CdTe/CdSe
quantum dot has the characteristic of being soluble in a sol-
vent selected from the group consisting of: water, acetone,
dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
methanol, ethanol, propanol, butanol, chloroform, dichlo-
romethane (DCM), tetrahydrofuran (THF), toluene, and any
combination thereof.



